INTRODUCTION
Plant propagules serve to ensure the continuation of populations through time and space. In nature, seeds -broadly defined as any propagule of generative origin (Cousens et al. 2008 ) -disperse via a vast range of mechanisms, involving both abiotic and biotic vectors. Among the latter, herbivorous mammals are regarded as major dispersers. Indeed, numerous grazer species from wild and semi-natural systems are known to successfully, and more or less continuously, disperse seeds through either attachment to fur and hooves (epizoochory), or through abundant ingestion of seeds with the foliage they feed on (endozoochory; Couvreur et al. 2005) . Observations of endozoochory have a long history (e.g. von Marilaun 1902; Ridley 1930) , and hundreds of plant species from temperate grasslands alone are known to have viable seeds deposited in herbivore dung (e.g. Malo & Suarez 1995; Pakeman et al. 2002; Myers et al. 2004; Cosyns et al. 2005a; Mouissie et al. 2005a) .
Vectors of dispersal have the potential to select for particular seed traits and attributes (sensu Violle et al. 2007) . For dispersal by e.g. birds, wind or ants, principal evolutionaryecological underpinnings are relatively well established, reflecting a thorough understanding of plant-vector interactions (e.g. Vander Wall 2001; Cheptou et al. 2008; Manzaneda et al. 2009 ). Drawing from observations of dung-borne seeds and from diverse theoretical considerations, Janzen (1984) was the first to suggest herbivorous mammals (grazers) are also a selective force for seed attributes. Although his ultimate views of a widespread endozoochorous syndrome were soon countered by a lack of empirical support (Collins & Uno 1985) , the idea that grazers can at least in some cases significantly exert selection seemed launched and accepted (e.g. Quinn et al. 1994; Malo & Suarez 1995; Cousens et al. 2008) . This might be premature, however, as our understanding of the seed-grazer interaction in relation to seed traits that function in the process, and hence might be selected for, is still relatively poor.
Of the several stages involved in endozoochory (Wang & Smith 2002) , seed mortality due to digestion is recognised as a severe bottleneck. Feeding trials in which mortality rates were related to seed characteristics have yielded contrasting results. Smaller-seeded species tended to show lower mortality than larger-seeded species in the feeding trial of Mouissie et al. (2005b) , whereas the opposite relationship was found by Peco et al. (2006) and Cosyns et al. (2005b) ; overall, the measures of seed shape used by these authors had a negative, neutral or positive effect on seed survival.
At least part of the above inconsistencies might come from a statistical problem in these analyses, which obscures interpretation and comparison. Basically, seed attributes are considered across species; the results can be extrapolated beyond the studied species only when they appropriately represent the composition of the targeted plant community. To interpret the relationship causally, however, caution is required (Silvertown & Dodd 1996) . Because species are related to each other through common descent, they cannot be regarded as independent data points, a criterion essential for statistical analysis . In recent decades, comparative methods for evaluating functional relationships from species comparisons (Harvey & Pagel 1995) have been developed which control for interspecific affinities. Of these, phylogenetically independent contrasts (PIC) was the first such method to be developed and widely applied (see Garland et al. 2005 for a review). There is, morever, still a lack of basic empirical data. Will & Tackenberg (2008) recently stressed the importance, but scarcity, of plant species gut passage data in their review and advocated the acquisition of further information.
We performed an experiment to determine mortality rates of seeds of 48 plant species fed to cattle, which is the highest number of plant species in any in vivo assay so far. Specifically, we aimed to: (i) contribute to the limited data on plant species performance in endozoochory; (ii) reassess the role of simple seed traits using appropriate comparative analytical tools; and (iii) ultimately identify a system (i.e. taxon and trait) with the potential to infer endozoochory-imposed seed evolution.
METHODS
We assessed mortality rates by feeding known numbers of seeds to cattle. Note that, when referring to our numbers, they are expressed not as percentage of dead seeds, i.e. mortality rate, but as percentage of seeds surviving digestion (survival rate). This is because germination of ingested seeds is corrected for germination of non-ingested seeds, which can exceed 100% (when gut passage increases germination).
Species selection and seed attributes
Although not inherently representing a wide range of seed attributes (see Discussion), seed selection was restricted to herbs and graminoids from open, mostly grassland(-like) habitats for several reasons. First, these species can be considered the ones for which mortality rates are the most relevant, because they are likely to be consumed on a regular basis. Second, we are concerned with the effects on mortality of small -rather than large -changes in seed attributes, given our objective to identify a trait to assess the selection strength of endozoochory. For such a trait, the relationship with mortality should also hold over small scales.
We obtained seeds of 48 plant species from commercial sources ( Table 1) ; all of which are palatable and some of which have been found as viable seeds in herbivore dung from (semi)natural habitats (Cosyns et al. 2005a; Mouissie et al. 2005a ). As defined above, 'seeds' refers to ecologically analogous structures (true seeds, fruits or mericarps) rather than morphologically homologous structures (Table 1) .
Single-seed mass was assessed by weighing three samples of a known number of air-dried seeds (500 or 1000 seeds; 0.01 mg precision). Before measuring dimensions, seeds of some species were manipulated (Table 1) : open and loose structures, such as glumes in grasses, perigynia in Carex and pericarps in Geranium, were removed. The assumption is that these readily disintegrating structures are unlikely to affect survival, but could greatly bias trait measurements and thus correlations. Dimensions (length, width and height) were measured on 10 randomly selected seeds per species using a stereoscopic microscope (25 lm precision). Seed length is defined as the longest of the three dimensions; seed shape is expressed according to Thompson et al. (1993) as the variance in seed dimensions after dividing each dimension by length. We multiplied this measure by 100 for practical purposes.
Survival rate
Seed-to-feed quantities were measured using seed mass; for each species these quantities comprised about 5000 seeds per animal (due to limited supplies 3400 or 3000 for some species). Fourteen cows were tied individually in a stable and each species was randomly fed to seven animals, with the sole restriction of keeping congeneric plant species separate in order to facilitate later seedling identification. As such, an individual animal received between 21 and 27 species. The animals were adult (3-to 4-year-old) Belgian Blue cows, weighing about 550-600 kg. Their standard diet mainly consisted of maize silage, pressed beet pulp and hay; being a potential source of seed contamination, hay was excluded about 7 days before the experiment started. One hour before feeding, dung samples were collected in order to (among other factors, see below) control for seed contamination. The seeds were mixed through silage and given simultaneously to all animals during morning feeding. All dung was collected 6, 11, 24, 35, 48, 72, 96, 120 and 144 h thereafter. Per collection, the excrement was weighed and mixed for each animal. Dung samples hereof were taken and weighed (± 475 g), stratified for 34 days at ± 4.5°C, then mixed through a shallow sterile layer of potting soil-sand (1:1) in trays (45 · 40 · 10 cm), and left to germinate in a greenhouse for 8 months under natural light (April-December 2007). Samples were watered manually. As a control, we added seeds to dung samples collected 1 h before feeding (non-ingested control; 100 seeds per species, 9-14 spp. per sample, again with congeners separated, five samples per species), and treated these samples as described above for the ingested seeds.
Per plant species and individual animal, the survival rate was estimated as (Cosyns et al. 2005b 
where W Di is the weight of dung produced by the animal in the time interval passed; W di is the weight of dung sampled from the total (± 475 g); and n i is the number of seedlings germinating from this sample. After summation over all nine time intervals, the numerator yields an estimation of the number of viable seeds excreted by the animal. As W s is the weight of a single seed (assessed previously), and W sb denotes the weight of the seed batch fed to the animal, then W sb ⁄ W s is the number of seeds fed to the animal (mostly ± 5000). V is the mean proportion of seedlings germinating from the (five) control samples containing non-ingested seeds, which controls for the combined effect of intrinsic viability of seeds and any possible effects of dung environment on germination.
Data analysis
As noted in the Introduction, multi-species analyses concerned with functional relationships should control for species interdependence. In the method of phylogenetic contrasts, this is done on the basis of a (phylogenetic) tree. Given the tree, i.e.
given the relationships of species to each other, the method circumvents taxonomical bias by comparing (contrasting) taxa in a pair-wise manner, both at the tips of the tree and at internal nodes. The contrasts themselves are independent. For the phylogeny of the species examined (Fig. 1A) , we used the widely accepted APGII system (Stevens 2001 Propagules marked with an asterisk were manipulated before measuring length and shape (see text for details).
Seed mortality following ingestion by herbivores D'hondt & Hoffmann onwards) for both the assignment of genera to families and the topology of families. For two families, additional sources were needed. We used the consensus trees from Walker et al. (2004) and Quintanar et al. (2007) for Lamiaceae and Poaceae, respectively. All branch lengths were arbitrarily set to 1.0 (unit). Contrasts were calculated as in Felsenstein's (1985) fundamental paper, and linear regression on these followed the procedure of Garland et al. (1992) , with intercept set to zero. Unit branch lengths satisfied the conditions set by these authors. The three polytomies are considered soft, and the number of degrees of freedom in significance testing was lowered accordingly (42 df; Purvis & Garland 1993) . The analysis was executed using the PDAP module (Midford et al. 2005) implemented in Mesquite software (Maddison & Maddison 2009) .
As contrasts are calculated on specific means, information is lost on intraspecific variation in seed survival. For each node of the tree, we tested for differences between both sides of the branching using standard permutation tests at the 0.10 level (2000 randomisations) to assess which contrasts are most informative.
RESULTS
In total, 7453 seedlings emerged from the dung samples (from ingested or non-ingested seeds). Neither the potting soil-sand substrate nor the dung samples themselves contained any relevant seed contamination; some seeds did come from the external environment, but all were non-included taxa (e.g. Oxalis, Epilobium, Betula).
More than 90% of the seeds were excreted within 48 h after feeding, and only a negligible fraction was found from the last time interval sampled (Fig. 2) . No species-specific temporal patterns were observed: nearly all species showed maximal excretion from the 24-or 35-h collections. The few exceptions had very few emerging seedlings, except for Carex vulpina, which showed a clear maximum from the 48-h collection (data not shown). As retention parameters are considered pivotal in spatially explicit approaches to animal seed dispersal (e.g. Vellend et al. 2003; Will & Tackenberg 2008) , results of a lognormal fit to the data are included in Fig. 2 (Rawsthorne et al. 2009) .
Specific seed survival rates are shown in Fig. 1B (and given in Table S1 , together with germination rates of the noningested controls). The species with the highest proportions of seeds surviving ingestion were Helianthemum nummularium, Trifolium pratense, T. campestre and Juncus bufonius. For the first two species, digestion even appeared to stimulate germination as survival rates exceeded 100%. Remarkably, Juncus effusus did not germinate in the control, but did germinate after ingestion, although at low incidence (only two seedlings). This suggests a positive effect of ingestion on germination, but cannot be formalized mathematically since equation 1 in this case involves a division by zero, and was therefore omitted from further analysis. From the 19 congeneric species pairs, Agrostis, Cardamine, Cerastium, Galium, Mentha, Myosotis, Potentilla and Thymus yielded significant within-genus differences (permutation tests, 0.10 level). Except for Agrostis and Myosotis, within each pair one species had only zeros.
There was no significant impact of the three studied seed traits (mass, length and shape) on seed survival rates of species (Table 1; Fig. 3 ). Within Fig. 3A , a point above the horizontal axis represents a contrast, in which the heavier-seeded taxon of the pair had higher survival, whereas a point below the horizontal axis represents a contrast in which the lighterseeded taxon performed better. Overall, the points are counterbalanced, both in number and magnitude, and no overall effect was observed. The same reasoning can be applied to Fig. 3B and C.
DISCUSSION
The proportion of seeds that survived ingestion differed profoundly between species: most species showed high mortality (up to 100% of seeds ingested) and only a few species had low mortality (down to 0%). Overall, this corresponded to patterns found by other authors, described below. Note that the increased germination rate observed in H. nummularium Branches are not drawn to scale. B: Mean (± SE) proportion of seeds that survived ingestion by cattle, calculated as the germination rate of ingested seeds, corrected for germination of non-ingested seeds sown on the same substrate. Species names are abbreviated (see Table 1 ).
and T. pratense should not be mistaken for mortality rate, which was essentially zero. The absence of an effect of seed mass on mortality supports some (e.g. Gardener et al. 1993; Bruun & Poschlod 2006) but not all (Cosyns et al. 2005b; Mouissie et al. 2005b; Peco et al. 2006) previous studies, as is also true for results on seed shape. As noted in the Introduction, however, crossspecies analyses are difficult to compare. For instance, drawing on a correlation across mortality rates from 25 species fed to deer, Mouissie et al. (2005b) concluded that seed size was positively related to mortality. When one applies a contrasting perspective however, e.g. by considering the pattern within the included Asteraceae or graminoids (the largest groups), the data clearly suggest no effect. This is supported by PIC analysis among all the species, which thus refutes the author's assertion. So, taxonomic interdependence can clearly and significantly affect analyses of relationships among these traits.
A reflection could be made on the attribute ranges considered. In nature, seed size varies enormously, over 10 orders of magnitude (± 10 )3 -10 7 mg; Harper et al. 1970) , with species from fields, pastures, forest clearings and other habitats used by grazers comprising a subset hereof (± 10 )2 -10 1 mg; Salisbury 1942; Lord et al. 1995) . From these wide ranges, it is up to the experimenter to choose which range is most relevant, with any claim of an effect of size on mortality restricted to that range. The studies mentioned above were all in the lower range (± 10 )2 -10 2 mg). We cannot rule out size having an effect beyond this range (10 3 mg up to the maximal size an animal can ingest) because large-scale studies herein are lacking. We focused on the lower size range, on the grounds stated in the Introduction, although frequent ingestion of large seeds by grazers might be of relevance in the tropics and subtropics (e.g. Janzen 1982) .
If neither size nor shape show clear relationships with species performances, which traits could do so? In reconsidering the three best-performing species (Fig. 1B) , they have one important attribute in common: they are the only species included known to have physically dormant seeds (Baskin & Baskin 2001) , i.e. their seeds are initially water-impermeable. The favourable effect of this so-called hardseededness is confirmed in several studies on dispersal of Fabaceae and Cistaceae by ungulates (Suckling 1952; Janzen 1981; Gardener et al. 1993; Malo & Suarez 1998; Ramos et al. 2006) : impermeable seeds survive passage through the digestive tract, but permeable seeds do not. The observation of increased germination is then linked to a well-timed loss of dormancy (Baskin & Baskin 2001) . The benefits of a water-impermeable barrier are clear since, next to exposure to the chewing apparatus, the digestive fluids containing proteolytic enzymes and bacteria presumably pose the severest threat to seed survival. Accordingly, it is probable that other structural, anatomical and ⁄ or textural traits (e.g. seed surface or seed coat attributes) are likely to override simple morphological traits such as size or shape in explaining mortality rates. Until this date, we still lack knowledge on the effects of such attributes of dry-fruited herbs, whereas for fleshy-fruited shrubs and trees they are more often dealt with (e.g. ornithochory : Traveset 1998; Traveset et al. 2008) . When excluding the physically dormant species from our analyses, seed mass related negatively to survival (P = 0.015). This is, however, due to the extreme values for J. bufonius; additional exclusion of this species renders the relationship non-significant. Peco et al. (2006) found that J. bufonius has highly water-impermeable seeds, thus making it functionally similar to physically dormant species. Furthermore, mortality rates are likely the result of several traits acting together, which advocates the need for a multivariate approach in analyses that aim at a complete assessment. We currently cannot resolve the causes of the significant intrageneric contrasts observed in Agrostis, Cardamine, Cerastium, etc.
Our ultimate objective was to identify a seed trait that could be used to infer seed evolution in relation to endozoochory. For this purpose, neither size (weight or length) nor shape proved suitable since no univocal effects were observed, at least not on a small scale. Water impermeability might prove a better candidate since it satisfies three pivotal conditions: it is closely related to seed survival following ingestion (see above), it is subject to intraspecific variation (Baskin & Baskin 2001) , and it has at least some parameters that are genetically based (e.g. Nair et al. 2004; Boersma et al. 2007) . If grazers can induce seed evolution, this could be the trait to focus on in future research.
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(B) (C) (A) Fig. 3 . Bivariate scatter plot of standardised independent contrasts in seed survival rate and log-transformed seed weight (A), seed length (B) and seed shape (C). Statistics are from least squares regressions (through origin, see Garland et al. 1992 ; number of contrasts = 46, degrees of freedom = 42). Contrasts that proved significant in the permutation tests are given in filled dots.
